INTRODUCTION
Inhalation of diesel exhaust (DE) has been shown to interfere with reproduction in mice and rats, as reflected by decreased daily sperm production, degeneration of Leydig cells, and abnormal delivery. [1] [2] [3] [4] Indirect exposure of mothers to DE has been reported to affect the differentiation and formative periods of the fetal testis, ovary and thymus. 5) Particulates in DE adsorb many chemicals, such as polycyclic aromatic hydrocarbons (PAHs). [6] [7] [8] [9] We previously showed that several PAHs and monohydroxy PAHs (OHPAHs) have estrogenic/antiestrogenic and antiandrogenic activities in vitro. [10] [11] [12] [13] Though the inhalation of DE during the formative period affects the differentiation process of the fetal organs, little is known about whether PAHs transfer from mother to offspring and act as endocrine disrupters in the offspring.
The present study examined the effects of indirect exposure of mothers to DE. PAHs were measured in maternal blood, fetuses and breast milk to determine whether PAHs that are present in DE are transferred from mothers to fetuses and neonates.
MATERIALS AND METHODS
Generation of DE ---DE was generated by a running diesel engine (309 cc, Model NFAD-50, Yanmar Co., Osaka, Japan). DE was diluted with clean air in a dilution tunnel and then drawn into an inhalation chamber. The exchange rate of the chamber was 15 times/hr. Concentrations of particulate matter (1.73 mg/m 3 ) and nitrogen dioxide (0.80 ppm) were monitored by an automatic β-ray dust-mass monitor (Model BAM-102, Shibata Scientific Technology Co., Tokyo, Japan) and a chemiluminescent analyzer (Model 8440, Monitor Labs Co., San Diego, CA, U.S.A.), respectively. Polycyclic aromatic hydrocarbons (PAHs) were analyzed in maternal blood and fetuses from Fischer 344 rats exposed to diesel exhaust (DE) during pregnancy, and in breast milk from rats exposed to DE during pregnancy and lactation using high performance liquid chromatography with fluorescence detection. Concentrations of phenanthrene (Phe), anthracene (Ant) and benz[a]anthracene (BaA) were significantly higher in maternal blood of the DE group than those of the control group. Concentration of Phe in fetuses of the DE group was significantly higher than those of the control group. Concentrations of fluorene, Ant, fluoranthene (Flu), pyrene (Pyr), BaA and chrysene (Chr) tended to be higher in fetuses of the DE group. The levels of Ant, Flu, Pyr and Chr in breast milk from the DE group were significantly higher than those of the control group. These results indicate that PAHs taken into mother rat by the inhalation of DE are transferred into fetuses via placenta and into breast milk. This is the first report to clarify the transportation of inhaled PAHs into fetuses and breast milk from mother rats.
Animal Treatments ---Thirteen pregnant Fischer 344 rats at the 6th day of gestation were obtained from Charles River Japan (Kanagawa, Japan). After the rats were housed for a day, they were divided into DE (n = 7) and control (n = 6) groups. The exposure period of DE was 6 hr daily from 10 a.m. to 4 p.m., for 2 weeks from the 7th day (Tue.) to the 20th day (Mon.) of gestation except for four days (Sat. and Sun.). Rats of each group were maintained in an inhalation chamber (1.6 m 3 ) kept at 24 ± 2°C and 55 ± 5% humidity. The daily illumination time program was 12 hr light and 12 hr dark. All rats were allowed free access to food (NMF, Oriental Yeast Co. Ltd, Tokyo, Japan) and water. Both fetuses and maternal blood were taken from each rat after finishing all DE exposure on the 20th day of gestation. These samples were stored at -80°C until analysis. The average body weights of the mothers of the DE and control groups were 218.6 ± 10.2 g and 213.0 ± 14.3 g, respectively. The number of fetuses per mother ranged from 7 to 11, and the mean numbers per mother in the DE and control groups were 8.71 and 8.67, respectively. The average body weights of male and female fetuses of the DE and control groups were 3.40 ± 0.24 g, 3.24 ± 0.18 g, 3.42 ± 0.23 g and 3.13 ± 0.20 g, respectively.
To determine the transfer of PAHs to neonates via breast milk, pregnant Fischer 344 rats were housed for a day and divided into DE (n = 7) and control (n = 6) groups. The DE exposure period was from the 7th day of gestation until the 14th day after birth. The exposure conditions were the same as in the above experiment. At the 14th day after birth, breast milk was collected from each rat after subcutaneous injection of prolactin under anesthesia using diethylether. The milk samples were stored at -80°C until analysis.
The treatment and care of the rats were carried out according to the protocol approved by Animal Care and Use Committee of the Tokyo Metropolitan Public Health Research Institute in a facility approved by the Japan Association for Accreditation of Laboratory Animal Care. Preparation of Biological Samples ---After weighing fetuses (11.9-13.3 g) or measuring the volume of maternal blood (5.6-6.2 ml), the samples were refluxed with 5 M potassium hydroxide/ethanol (1 : 4, v/v) solution (5 ml/g fetuses or 3 ml/ml blood) in a water bath at about 95°C for 2 hr. As described previously, 14) naphthalene-d 8 , acenaphthene-d 10 , phenanthrene-d 10 , pyrene-d 10 and benzo[a]pyrene-d 12 (Wako Pure Chemicals, Tokyo, Japan) were spiked to the above solution as internal standards. Both PAHs and internal standards in the mixture were extracted three times with an equivalent volume of n-hexane. The n-hexane solutions were combined and washed three times with distilled water. Then the solution was dried with anhydrous sodium sulfate and was applied to a Sep-Pak Plus Silica cartridge (Waters, Milford, MA, U.S.A.). Both PAHs and internal standards were eluted with 20 ml of n-hexane. After the addition of 20 µl of DMSO, the eluate was completely evaporated under a stream of nitrogen. The residue was redissolved in 180 µl of acetonitrile for HPLC analysis.
Breast milk samples were pre-treated according to the association of official analytical chemists (AOAC) method for dioxins in foods 15) with several modifications. Each breast milk sample (1.0-1. 14)
The solution was mixed with a 54 mM potassium oxalate, and then added with an equivalent volume of ethanol. Lipid was extracted from breast milk three times with two volumes of n-hexane/ diethylether (1 : 1, v/v). The extraction solvent was removed completely under a stream of nitrogen. The amount of lipid was determined gravimetrically and refluxed with 5 ml of 5 M potassium hydroxide/ethanol (1 : 4, v/v) for 2 hr in a water bath at about 95°C. Both PAHs and internal standards were extracted three times with an equivalent volume of n-hexane. The n-hexane solutions were combined and washed three times with distilled water and dried with anhydrous sodium sulfate. The solution was applied to a Sep-Pak Plus Silica cartridge. Both PAHs and internal standards were eluted with 20 ml of n-hexane. After the addition of 20 µl of DMSO, the eluate was completely evaporated under a stream of nitrogen. The residue was redissolved in 180 µl of acetonitrile for HPLC analysis. HPLC Analysis ---PAHs were determined by HPLC with fluorescence detection according to our previous method.
14 ) The HPLC system consisted of LC-10AD intelligent pumps, an SIL-10A automatic injector, a RF-10AXL fluorescence detector and an SCL-10A system controller (all from Shimadzu, Kyoto, Japan). PAHs were separated using a guard column (Inertsil ODS-P, 10 × 4.0 mm i.d., 5 µm; GL Sciences, Tokyo, Japan) and an analytical column (Inertsil ODS-P, 250 × 4.6 mm i.d., 5 µm; GL Sciences). The mobile phase was a mixture of acetonitrile/water. The acetonitrile concentration was in- washed with 5 ml of n-hexane and dichloromethane, respectively, before use. PAHs having four rings and more were eluted with 5 ml of dichloromethane after eluting with 4 ml of n-hexane to wash PAHs having two and three rings. The solvents in the dichloromethane eluate were removed completely under a steam of nitrogen and dissolved in 0.2 ml of toluene containing chrysene-d 12 (0.1 ppm) as an internal standard for GC-MS analysis.
RESULTS
The concentrations of PAHs in DE air in the chamber are listed in Table 1 . Among the fifteen PAHs, seven PAHs (Fle, Phe, Ant, Flu, Pyr, BaA and Chr) were quantified in maternal blood. The levels of Phe, Ant and BaA in the DE group were significantly higher than those in the control group (Fig. 1) . Fle, Flu, Pyr and Chr were higher in the DE group than those in the control group, although the differences were not significant. Nap, two-ring PAH, was not quantified because of low recovery in sample preparation. PAHs having five or six rings were not detected.
Fle, Phe, Ant, Flu, Pyr, BaA and Chr were quantified in fetuses. The level of Phe in the DE group was significantly higher than that in the control group (Fig. 2) . Concentrations of Fle, Ant, Flu, Pyr, BaA and Chr in the DE group tended to be higher than those in the control group, although they were not significant. Nap, two-ring PAH, was not quantified because of low recovery in sample preparation. PAHs having five or six rings were not detected.
Ace, Fle, Phe, Ant, Flu, Pyr, BaA and Chr were quantified in breast milk. The levels of Ant, Flu, Pyr and Chr showed significantly higher in the DE group than those in the control group (Fig. 3) . The concentration of BaA of the DE group tended to be approximately 4 times as high as that of control group, although the difference was not significant. Ace, Fle and Phe concentrations were not different between the DE and control groups. The other PAHs were not quantified or detected due to low recovery as described above.
PAHs in maternal livers of DE and control groups were not significantly different (data not shown). When rats were housed in clean air after exposure to DE during pregnancy, no increase in PAH concentrations was observed (data not shown).
DISCUSSION
The levels of Phe, Ant and BaA in maternal blood (Fig. 1) , Phe in fetuses (Fig. 2) and Ant, Flu, Pyr and Chr in breast milk (Fig. 3) of the DE group were significantly higher than those of the control group. Although, maternal blood, fetuses and breast milk in the control group also contained PAHs to some extents which might mainly come from foods, these results showed that inhaled PAHs were transferred from mother to the next generation. This is the first report to show that PAHs are transferred to fetuses via the placenta and to new born rats from breast milk of mothers exposed to diesel exhaust. Figure 4 shows the relationship between the ratio of the concentration of a PAH having three or four rings in maternal blood to its concentration in DE air and the distribution coefficient of the PAH in n-octanol and water (log P o/w ). 16) Lipophilicity of a PAH was expressed as log P o/w which is the distribution coefficient of the PAH in n-octanol and water. The uptake ratio was expressed as the ratio of the concentration of a PAH in maternal blood to its concentration in DE air. A plot of these data shows that lipophilic PAHs have a higher affinity for blood. The concentrations of PAHs in fetuses was closely correlated with those in maternal blood (Fig. 5) . These results suggest that fetal exposure to PAHs strongly depends on the concentrations in the blood of the mother.
As indicated in Fig. 3 , PAHs were transferred to breast milk. The transfer of PAHs from mother to suckling via breast milk suggests the strong possibility of endocrine disrupting effect of DE on the next generation even after birth. Breast milk is one of the excretion routes of lipophilic compounds from a body because milk is rich of lipid.
The concentration levels of these PAHs in DE were more than an order of magnitude lower than those of PAHs having 4 or lesser rings (Table 1) . This might be the main reason for the inability to quantitate PAHs in maternal blood, fetuses and breast milk. However, the concentrations of PAHs in DE used in this work were in the ranges of their atmospheric concentration in downtown Kanazawa, Japan.
17) The other PAHs were not determined or detected because of low recovery in sample preparation.
Our findings that PAHs in maternal livers of DE and control groups were not significantly different and that exposure to clean air after exposure to DE during pregnancy didn't increase PAH concentrations may be due to rapid metabolism and elimination of PAHs. [18] [19] [20] PAHs are metabolized to phenols (OHPAHs), diols and epoxides and large parts of both phenols and diols are thoroughly conjugated with glucuronic acid and sulfuric acid to be excreted in urine or bile. Especially, several OHPAHs exhibited agonistic or antagonistic effects in the binding process to estrogen receptor. 21) These facts strongly suggest that not only PAHs but also their metabolites could affect the differentiation processes of growing rats. Further studies are needed to investigate the endocrine disrupting effects of PAH metabolites after the inhalation of DE.
In conclusion, PAHs taken into the maternal body by the inhalation of DE were transferred to the fetus via the placenta; PAHs taken into the maternal body by the inhalation of DE were transferred to breast milk.
